Abstract The talitrid amphipods were found for the first time in the Northeastern Baltic Sea in 1999. Orchestia cavimana inhabited damp wracks cast up on shore within a 200 m area of Saaremaa Island. In the following year, the species expanded its range to a few kilometres. In 2002, six additional locations of O. cavimana were found in Saaremaa Island and two locations in the Northwestern part of Estonia. Abundances and biomasses were highest in the first year of the invasion. In the following years, the values stabilized on remarkably lower levels. Population characteristics of the species varied significantly between locations. The average biomass and abundance were 9 g dw m À2 and 1975 ind m À2 , respectively. Wrack biomass and interaction between wrack biomass and exposure were the best predictors of the abundances and biomasses of O. cavimana. Humidity explained additional variability in biomasses. The size structure of the population of O. cavimana was mostly related to humidity and wrack biomass. The Southern coast of the Baltic Sea may be regarded as the initial donor region for the Estonian populations of O. cavimana. The vector of this invasion is most likely related to the natural dispersal of the drifting algae but human activities as a transport vector can not be excluded. The incredible speed of the invasion of O. cavimana and its high biomasses indicate that the species will very likely extend its distribution along the coast of the Northeastern Baltic Sea in the following years.
Introduction
The dispersal of species to new areas has an impact on local ecosystems (Parker et al. 1999) . New species entering ecosystems may dramatically change the species diversity, trophic structure, structure and dynamics of populations, nutrients availability and flow, and primary production of the local ecosystem (Carlton 1996) . Successful invasive species may render previously stable systems unbalanced and unpredictable (Carlton and Geller 1993; Carlton 1996; Ruiz et al. 1999) . Hence, biological invasions may represent severe threats to the integrity of natural communities, endangered species, and economy (Carlton and Geller 1993; Carlton 1999a, b) .
Owing to its low number of species and extensive anthropogenic impact, the ecosystem of the Baltic Sea is considered vulnerable to biological invasions (Stachovicz et al. 1999; Levine and D'Antonio 1999; Leppa¨ko-ski and Olenin 2001) . In recent decades, the number of nonindigenous species has increased exponentially and the ranges of existing exotics have expanded rapidly in the Baltic Sea area (Gruszka 1999; Leppa¨koski and Olenin 2001) . Among most recent newcomers, Marenzelleria neglecta (Sikorski and Bick sp. nov.) and Cercopagis pengoi (Ostroumov) have invaded practically all suitable biotopes in the Baltic Sea within a few years period (Kotta and Orav 2001; Zettler et al. 2002; Telesh and Ojaveer 2002) . Well-established alien Dreissena polymorpha (Pallas) suddenly expanded its distribution area in the 1990 and 2000 (Kotta 2000b ).
The Talitridae is the only family of amphipods which has truly terrestrial species, and although many are found close to the sea on the upper parts of the shore, some occur considerable distances inland (Lincoln 1979) . It is a very large family that comprises five genera:
Talitrus Latreille, Orchestia Leach, Talorchestia Dana, Talitroides Bonnier, and Brevitalitrus Bousfield (Lincoln 1979) . Talitrid amphipods are important members of the wrack fauna throughout the world (Persson 1999) . Orchestia is a large cosmopolitan genus comprising more than 70 recognised species which are semiterrestrial, typically living amongst intertidal stones and algae, although some are found inland, and may occur several 100 m above sea-level (Lincoln 1979) .
In the Baltic Sea, five species of talitrid amphipods have been found. Two of these, Talorchestia deshayesii Audouin and Talitrus saltator (Montagu), live on sandy beaches whereas Platorchestia platensis (Krøyer), Orchestia gammarellus (Pallas), and O. cavimana Heller are found in wrack beds on harder substrata, such as rocks, stones, gravel, and shore meadows (Persson 1999; Kotta 2000a) . O. gammarellus has the widest distribution in the Baltic, and has been reported from the central parts of the Baltic proper (Persson 1999) . Prior to 1999, there were no talitrid amphipod species found further North.
The talitrid amphipod O. cavimana has a relatively wide distribution area inhabiting Mediterranean, Black Sea, Red Sea, Atlantic coast of North Africa and of Europe up to the Southern North Sea (Lincoln 1979) . In the Baltic Sea, the species has been previously found only in a few Southern coastal sites in Poland and Germany (Ž mudzin´ski 1974; Jä rveku¨lg 1979) . The Ponto-Caspian region, but likely Asia, is suggested as its origin (Kinzelbach 1965 (Kinzelbach , 1972 Belgian Biodiversity Platform 2004, www. biodiversity.be/bbpf/forum/invasion/invspecies.html). To date, the information about arrival, invasion vector, range expansion, current distribution, and possible impact of the species is extremely limited. The aims of this paper are (1) to follow the establishment and range expansion of O. cavimana in the Baltic Sea, and (2) to relate the biomass distribution and size structure of the populations to habitat characteristics.
Materials and methods
Wrack fauna was sampled annually at 79 sites of the Estonian coastal sea during the last week of September or the first week of October 1998 , and 2004 . One sample was taken at each station except for a site in the Northern Saaremaa Island (first location of O. cavimana in Estonia) where three replicate samples were taken annually in 1998-2004. Sites were selected to cover maximum salinity range, different sediment, and wrack types. Shores which were overgrown with reeds were excluded. At every site, exposure (an estimate how much a site is exposed to open sea in degrees), steepness of coastal slope (a distance between shoreline and 5-m depth isoline), number, width and height of wrack belts, total coverage of wrack within a belt, dominant plant species, level of decomposition and humidity, type and granulometry of sediment particles were estimated. The sites were classified as dry, moist, and wet. Where talitrid amphipods were found, a biomass sample was taken using 20·20 cm metal frame. Typically, the algal belt was a few metres wide. Within the belt, the densities of O. cavimana varied little whereas the densities varied highly at the edges of the belt. Therefore, the samples were taken within well developed and not fragmented parts of wrack belt. The material inside the frame was quickly removed and packed into a plastic bag. Samples were kept deep-frozen until analysis in the laboratory.
Talitrid amphipods were picked up from the sample under a stereomicroscope. Animals were counted and divided into the following groups: adult males, adult females, and juveniles (see Lincoln 1979) . The smallest males with visible sexual characteristics were 9-mm long. Thus, all animals below 9 mm were considered juveniles. The length of all individuals was measured by camera lucida using a stereomicroscope to the nearest 0.1 mm. Dry weight of individuals was measured to the nearest 0.1 mg after drying at 60°C for 48 h. Plants were separated by species and dry weight (60°C, 336 h) of each species was measured. For each plant species, the level of decomposition was estimated on three-stage scale: fresh, semi-decayed, and highly decayed. In some cases of very low amphipod densities, no animals were captured inside the quadrate. These samples were excluded from the statistical analyses.
For univariate analyses, the statistical programme ''Statistica'' was used (StatSoft Inc. 2004) . We employed analysis of variance (ANOVA) to describe differences between sexes and environmental conditions in stations with and without O. cavimana, chi-square test to analyse sex ratio, and linear regression to analyze relationships between population characteristics of O. cavimana and habitat characteristics. Prior to the analyses, normality (Shapiro-Wilk W-test) and homoscedasticity (Bartlett's test) of the data was checked. Multivariate data analyses were performed using the package ''PRIMER'' (Clarke and Warwick 2001) . Double square root transformed data were used for Bray-Curtis similarity matrices. BIOENV analysis was used to explain the importance of habitat characteristics in determining the abundance, biomass, and size structure of O. cavimana. ANOSIM permutation test was performed to examine differences in abundance, biomass, and size structure due to habitat characteristics.
Results
The investigated habitats were mainly exposed shores. The steepness of coastal slope varied highly. The distances between shoreline and 5-m depth isoline ranged from 75 m to about 12 km with an average at 1,518 m. Limestone sediments were predominant followed by granite boulders. The wrack coverage within a belt was on average 57%, varying between 5 and 100%. Altogether 19 plant species were identified in the wrack, Fucus vesiculosus L. had highest biomasses followed by Zostera marina L. and Furcellaria lumbricalis (Huds.) J. V. Lamour. The plant species were mainly fresh to semi-decayed, and the wrack beds were predominantly moist to wet.
Despite intensive field sampling in 1998, the talitrid amphipods were not found within the wrack fauna. O. cavimana was found for the first time on the coast of Northern Saaremaa Island in 1999 (Fig. 1) . O. cavimana inhabited damp wrack cast up on shore. The species was restricted within 200 m shore area. The average abundance and biomass were 22,400 ind m À2 and 14 g dw m
À2
, respectively. In 2000, the species expanded its range to a few kilometres but the average abundance and biomass decreased to 2,433 ind m À2 and 2 g dw m
, respectively. In 2002, O. cavimana was found in nine areas (Fig. 1) . In 2004, the distribution of O. cavimana had remained the same as in 2002. However, the abundance of the species had decreased considerably in the majority of stations. Only three locations had sufficiently high abundances for capturing animals into the sampling frame.
Orchestia cavimana inhabited very exposed shores except for a partly sheltered site on the western coast of Saaremaa Island. However, there was no statistically significant difference in exposure between the sites with and without O. cavimana. Similarly, there were no statistical differences in the sediment characteristics regardless of the presence of O. cavimana. In the presence of O. cavimana, the wrack coverage varied between 40 and 100% with an average at 73%, and the wrack biomass varied between 1,224 and 4,924 g dw m À2 with an average at 2,712 g dw m
. In the absence of O. cavimana, the average coverage and biomass were lower, 54% and 1,820 g dw m À2 , respectively. Altogether 14 algal species and four higher plants were found in the habitats of O. cavimana. The number of plant species in wrack varied between 3 and 13 with an average at nine. F. vesiculosus prevailed in the wrack in seven areas and Polysiphonia fucoides (Huds.) Grev. in the other two areas. Pilayella littoralis (L.), Z. marina, and Ruppia maritima L. were the second dominant plant species within the wrack.
The biomasses and abundances of O. cavimana ranged between 0.6-29.0 g dw m À2 and 50-6,275 ind m À2 , respectively. The average biomass was 9.1 g dw m
and the average abundance was 1,975 ind m À2 . The amphipod length varied between 3 and 20 mm with an average at 9.9 mm. The 9-10 mm size class formed nearly 40% of the population density and biomass. The amphipod dry weight varied between 0.0001 and 0.0201 g with an average at 0.005 g. Males had significantly greater average length than females (11.4 mm vs. 10.4 mm, one-way ANOVA, P<0.001). The differences in the weights were not statistically significant (one-way ANOVA, P=0.22). The average sex ratio was femalebiased (1:0.83, chi-square test, P<0.05).
BIOENV analysis suggested that wrack biomass, humidity, and interaction between wrack biomass and exposure were the best predictors of the abundances of O. cavimana whereas wrack biomass and interaction between wrack biomass and exposure explained the variability in biomasses. The size structure of the population of O. cavimana was mostly related to humidity and wrack biomass ( Table 1) .
The biomass of O. cavimana increased with the wrack biomass (Fig. 2) . However, there was no significant relationship between the biomass of wrack and the abundance of O. cavimana. The abundance of O. cavimana correlated positively with the biomass of higher plants in the wrack (linear regression analysis, r 2 =0.52, P<0.05). The variability in juvenile dry weight correlated with average size of sediment particles (linear regression analysis, r 2 =0.83, P<0.05). The humidity of wrack was significantly related to the abundance of O. cavimana. The amphipod abundances were highest in moist, intermediate in wet, and lowest in dry wrack, respectively. However, only dry and moist wrack were significantly different in terms of amphipod abundances (233 ind m À2 vs. 4,000 ind m À2 , ANOSIM, P=0.042). In the station of the first record of O. cavimana (Northern coast of Saaremaa Island), the highest abundance and biomass of the talitrids were found in 1999. In the following years, the abundance and biomass have stabilized on remarkably lower levels with a slight increase in 2004 (Fig. 3) .
Discussion
In the Northeastern Baltic Sea, O. cavimana inhabits damp wracks cast up on shore and the upper layer of sediment. The habitat corresponds to the previous records in the Baltic and other seas (Den Hartog 1965; Lincoln 1979; Ž mudzin´ski 1974; Curry et al. 1972 ). The amphipod reaches its maximum length (Lincoln 1979) in the Estonian coastal sea, suggesting that environmental conditions during summer are favourable in the area.
The studied environmental factors did not predict the presence of O. cavimana in a site. As the amphipod is a recent immigrant, it is likely that the species has not yet colonized all suitable habitats in the Northeastern Baltic Sea due to the stochastic nature of invasion process.
Population characteristics varied considerably between and within sites. Most of the variability was explained by quantity and quality of wrack. Quantity, composition, and other properties of wrack are important for aspects of foraging and habitat suitability (Backlund 1945; Persson 1999 ). In our study area, the biomass of O. cavimana was higher in areas of more intensive accumulation of wrack whereas the abundances increased only with the biomass of higher plants.
The type and granulometry of sediment are also important habitat qualities of O. cavimana. The variability in juvenile weight increased with the average size of sediment particles, indicating that juvenile amphipods are more associated with sediment than adults. Juveniles may require better protection in the exposed environments. Alternatively, they may actively search for more decayed plant debris that can be found in the upper layer of sediment.
Orchestia cavimana was found for the first time on the coasts of Northern Saaremaa Island, the Northeastern Baltic Sea in 1999 corresponding to the extension of its Baltic distribution of some 400 km. The species was observed only in a single site and the amphipod densities were very high. The exact time of the first inoculation of O. cavimana remains uncertain. Considering the high densities of the amphipod in 1999, it is likely that the species arrived on the Estonian shore either in late 1998 or early 1999. Alternatively, the species may have arrived even earlier providing that the amphipods had densities below detection limits. However, this seems very unlikely as the site has been regularly surveyed since 1994 (database of the Estonian Coastal Sea Monitoring Program, available at Estonian Marine Institute, Estonia).
In the following years, the amphipod abundances stabilized on remarkably lower levels. This is in agreement with earlier observations that in many cases invading species attain a peak of population density and then decline due to interactions between the invader and its resources or enemies (Carlton 1996; Williamson and Fitter 1996) . In 2002, eight additional locations of O. cavimana were found in Saaremaa Island and Northwestern Estonia corresponding to the additional extension of its Baltic distribution of some 150 km. The distribution of O. cavimana remained the same in 2004, indicating that the amphipod can survive extremely severe winters (e.g. 2002/2003) , and therefore the species has a potential for invading coastal areas further North. However, the densities were extremely low in 2004 at most stations. In Britain, a severe winter did not affect the populations of O. cavimana and the colonies of amphipod remained active beneath snow (Curry et al. 1972) . The winter temperature, however, might become a regulating factor of the range expansion of O. cavimana in colder climate. In the Baltic Sea area, the high temperature in the wrack banks through autumn to spring is an ecological factor which positively influences the populations of the talitrid amphipod O. gammarellus (Backlund 1945) .
The timing of the range expansion of O. cavimana may be connected with climate warming. Shorter period of ice cover and strong storms in autumn and winter may favour the transport of wrack over large distances. As the climate warming in Northern Europe has been primarily expressed as warmer winters (Ottersen et al. 2001) , it is likely that the hibernating conditions for the species have become more favourable.
The Southern coast of the Baltic Sea may be regarded as the initial donor region for the Estonian populations of O. cavimana. It remains unknown whether O. cavimana first colonized Northern coasts of Saaremaa Island and then dispersed to the other sites in the Northeastern Baltic Sea or if there have been several secondary introductions from the Southern Baltic Sea to the Northern Baltic Sea.
The vector of this invasion is unknown but most likely it is related to the natural dispersal of the drifting algae. However, as the Northern Saaremaa Island is an important recreational area, unintentional introduction cannot be excluded. Wildish (1970) showed that talitrid amphipods survived at least 14 days of submersion. In another experiment (Persson 2001) , the mortality of submerged O. gammarellus and P. platensis was very low during first 2 weeks but some individuals of both species survived more than 3 months of submersion. The results suggest that long dispersal episodes are possible, even entirely submerged. Animals may survive even longer episodes of dispersion when attached to material drifting on the surface of water. In the Baltic Sea, dispersion probably takes place in late autumn when the water level is high and storms are frequent (Persson 2001) .
Prior to 1999, the Northernmost distribution limit of the amphipod was located at the Southern coasts of the North and Baltic Seas (Ž mudzin´ski 1974; Lincoln 1979) . To date, O. cavimana is found as North as in Estonia. The incredible speed of the invasion of O. cavimana and its high biomasses indicate that the species has formed permanent populations and will very likely extend its distribution on the coasts of Estonia in the following years.
